The RbpA3 protein of Anabaena variabilis contains one RNA-binding domain with a carboxy-terminal glycinerich domain. Levels of two transcripts of the rbpA3 gene were differentially regulated by growth temperature. The RbpA3 protein is related to the RbpC protein within the group of cyanobacterial Rbps.
Abbreviations: nt, nucleotide(s); Rbps, products of rbp genes.
The nucleotide sequence reported in this paper has been submitted to EMBL/Genbank/DDBJ with accession number X92980. 1 To whom all correspondence should be addressed. 2 Present address: Advanced Research Center for Human Sciences, Waseda University, Tokorozawa, Saitama, are small (about 100 amino acid residues each), and each contains a single RRM domain. A glycine-rich carboxy-terminal domain has been found in some of these proteins (Sato 1994 , 1995 , Mulligan et al. 1994 , Sugita and Sugiura 1994 but not in others (Sato 1995 , Sugita and Sugiura 1994 , Belbin and Mulligan 1995 CTATGTAGTGATGAATGGAGGAATGTTTTTTACCACCACCTaCAGGTGTAGTTCCTGCTA  ACGTTGTCCGCATTGAGGTGGGTATAGCTGGATATCCCTTAGTTTGAGAATTACTACGAT  GACTCTCTATATGAGAGTAGATGATTCAAGCTT   60   120   180  240  300  360  6  420  26  480  46  S40  66  600  86  660  102  720 780 840 900 Fig. 1 (A) Restriction map of pRbpA3. The coding region is shown by a box. (B) Nucleotide sequence of the rbpA3 gene with the amino acid sequence that was deduced from it. The RNP2 (13-L8) and RNP1 (R42-M49) motifs are indicated by bold underlining. The 5' ends of transcripts are shown by bold arrows. Putative promoter sequences (-10 and -35) are boxed. A putative ribosome-binding site is indicated by double underlining. The inverted repeats located at the end of the coding region, which are putative terminators, are indicated by pairs of arrows. The primers (complementary strand) that were used in the primer extension analysis are shown by thin underlining.
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A cyanobacterial gene for an RNA-binding protein Anabaena (Sato 1995) and Synechococcus (Sugita and Sugiura 1994) have affinity for poly(U) and poly(G) rather than for poly(A) and poly(C), as do RNA-binding proteins from chloroplasts (Ye and Sugiura 1992) and plant nucleoli (Ludevid et al. 1992) . No similar RNA-binding proteins have been found in prokaryotes other than cyanobacteria. Many of the cyanobacterial RNA-binding proteins accumulate when the cells are grown at low temperature (Sato 1994 , 1995 , Sugita and Sugiura 1994 . While no clear physiological function has been assigned to cyanobacterial RNA-binding proteins to date, the cold regulation of the expression of these proteins might provide a clue to their cellular function. In this context, it is important to examine a large number of sequences of cyanobacterial rbp genes and to determine whether they are regulated by low temperature. In the present communication, we report the structure and expression of the rbpA3 gene, which is the sixth member of the rbp multigene family from Anabaena to be identified.
Anabaena variabilis strain M3 was grown at 38°C or at 22°C as described previously (Sato 1992 (Sato , 1994 . A mini-library of ///«dIII-digested genomic DNA fragments, which ranged from 0.7 to 1.0 kbp in length, was constructed in pBluescript SK+. This library was screened by colony hybridization with a digoxygenin-labelled rbpAl probe as described previously (Sato 1995) . The nucleotide sequence of pRbpA3 that encodes a new gene for an RNAbinding protein was determined by the dideoxy sequencing method with a non-radioactive sequencing kit (Sequencing High-Cycle; Toyobo, Osaka). Hybridization was performed as described previously (Sato 1995) . Primer extension was performed by the method of Williams and Mason (1985) with primer 1 (nucleotides 258-231, complementary strand, see Fig. 1 ) and primer 2 (nucleotides 138-107, complementary strand, see Fig. 1 ).
Overexpression of the rbpA3 gene was achieved with a plasmid (pRbpA3XE) that consisted of a DNA fragment from the Xbal site to the EcoRl site of pRbpA3 in pBluescript SK+. E. coli XL-1 blue cells harboring pRbpA3XE were grown in LB medium and then expression of the gene was induced by incubation with 1 mM isopropyl thiogalactoside (IPTG) for 3 h. Cells were harvested and then suspended in STEGP [20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1 mM phenylmethylsulfonyl fluoride (PMSF)]. Then they were disrupted by treatment with lysozyme and sonication. Ammonium sulfate was added to the extract to 80% saturation. The precipitate was collected by centrifugation and then it was dissolved in and dialyzed against STEGP. The dialyzed proteins were subjected to immunoblot analysis with antibodies against RbpAl as described previously (Sato 1995) . The RbpAl protein was prepared from E. coli cells that harbored pLti26XH as described previously (Sato 1994 ). Rbps were purified by column chromatography on DNA-cellu- A cyanobacterial gene for an RNA-binding protein
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lose from Anabaena cells grown at 22°C (Sato 1995) . The Clustal W program (Version 1.6 for Macintosh; Thompson et al. 1994 ) was used to analyze the molecular phylogeny of the RRM domains by the Neighbor-Joining method (Saitou and Nei 1987) . The RRM domains, rather than the entire amino acid sequences, were used for this analysis because the carboxy-terminal domains of Rbps varied considerably from protein to protein. Figure 1 shows the restriction map and nucleotide sequence of the rbpA3 gene. The deduced amino acid sequence is also shown. The rbpA3 gene included an open reading frame that encoded 101 amino acid residues (excluding the first methionine residue), with a single RRM domain. The RNP2 and RNP1 motifs were found at the amino terminus (I3-L8) and in the middle (R42-M49) of the encoded protein. The carboxy-terminal domain was rich in glycine residues, as it is in most other cyanobacterial Rbps. The carboxy-terminal tyrosine residue is conserved in all six Rbps from Anabaena, as well as in most Rbps from other cyanobacteria. The significance of this conserved residue remains unclear.
The results of Southern blot hybridization at high stringency (hybridization in 50% formamide at 42°C, with the final washing in 15 mM NaCl, 1.5 mM sodium citrate, 0.1% SDS at 60°C; Fig. 2A ) indicated that the rbpA3 gene hybridized to a 5-kbp Xba\ fragment, a 0.9-kbp Hindlll fragment, a 1.0-kbp Dral fragment, 3.2-and 0.9-kbp Hindi fragments, 15-kbp and 5-kbp EcoRl fragments, and a 0.7-kbp EcoRV fragment. The presence of two hybridization bands in the analysis of the Hindi and £coRI digests can be explained by the fact that the rbpA3 probe (a 0.9-kbp Hindlll fragment) contained restriction sites for these two enzymes (Fig. 1A) . Comparison of the hybridization bands with the hybridization bands obtained with the rbpAl probe at low stringency (hybridization in 20% formamide at 42°C, with the final washing in 300 mM NaCl, 30 mM sodium citrate, 0.1% SDS at 50°C; Fig.2B ) suggested that the rbpA3 gene is the sixth member of the rbp gene family. Two other members of this family remain to be cloned (Fig. 2B ).
The expression of the rbpA3 gene was examined by Northern blot hybridization (Fig. 3A) . Transcripts of 0.70 and 0.55 knt were detected. The 5' ends of the transcripts were mapped by primer extension (Fig. 3B) (Fig. IB) . Lanes 1-4, sequencing ladders of the rbpAl gene with the same primer. Lane 5, primer extension with the RNA from Anabaena cells that had been grown at 38°C; lane 6, primer extension with the RNA from cells that had been shifted to 22°C for 2.5 h; lane 7, primer extension with RNA from E. coli cells, as a control.
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A cyanobacterial gene for an RNA-binding protein are shown in Figure IB . The 5'end that was identified at nucleotide 136 was preceded by a consensus promoter sequence (-10 and -35) . The level of the transcript that started from this site was markedly elevated after a shift in temperature from 38°C to 22°C (Fig. 3B) . We also detected 5' ends of transcripts at nucleotides 16 and 20. Although the intensities of the signals that corresponded to these 5' ends were low, identical 5' ends were also detected with an upstream primer, primer 2, that corresponded to nucleotides 138-107 (data not shown). The low intensity of bands can be explained by the presence of multiple ends. We were unable to identify any putative promoter sequence that might correspond to these 5' ends since we had no "upstream" clones. The 3' end of the transcripts was not mapped experimentally but a putative terminator was detected downstream of the open reading frame. Assuming that all the transcripts terminated at nucleotide 691, we calculated the lengths of the longer and shorter transcripts to be 676 (or 672) and 556 nucleotides, respectively. These values were in agreement with the sizes of transcripts that were determined by Northern blot hybridization (Fig. 3A) . The 0.70-knt transcript was synthesized both during growth at 38°C (Fig. 3A, lane 1) and after a shift in temperature to 22°C (lanes 2-9), although its level decreased slightly during growth at 22°C. The 0.55-knt transcript accumulated transiently after the shift in temperature: the transcript began to accumulate within the first 10 min and its level remained high for 1.0 h after the shift. Then the level of this transcript decreased rapidly. These results can be explained by the hypothesis that the rbpA3 gene has two promoters that are regulated by temperature in different ways. The upstream promoter is assumed to operate more or less constitutively and the downstream promoter is assumed to respond to cold shock. It is difficult to explain the cold-shock response of the 0.55-knt transcript by a post-transcriptional mechanism (increased stability), as has been proposed for the regulation of the cold-shock gene cspA ofE. coli (Brandi et al. 1996 , Goldenberg et al. 1996 , since both the 0.70-knt and the 0.55-knt transcript have identical coding regions.
Since the predicted size of the RbpA3 protein (101 residues) was found to be identical to that of the RbpAl protein (Sato 1994) , we postulated that these two proteins would migrate with the same mobility during SDS-PAGE (Sato 1995) . The Xbal-EcoRl fragment that contained the coding sequence of the rbpA3 gene (Fig. 1A) was used for production of the RbpA3 protein in E. coli without fusion to another protein. IPTG induced the synthesis of a small polypeptide but this polypeptide did not accumulate at a high level (data not shown). Therefore, we used a cell extract to examine the mobility of the RbpA3 protein by immunoblotting instead of attempting to purify the protein. been overexpressed in E. coli cells and accumulated at a high level (Sato 1994) . The immunoblot (Fig. 4) showed that the apparent electrophoretic mobility of RbpA3 (namely, that of a protein of 13 kDa) during SDS-PAGE was lower than that of RbpAl (11 kDa). The lower mobility of RbpA3 in this electrophoretic system is difficult to explain since the difference between the predicted pi of the RbpAl protein (5.0) and that of the RbpA3 protein (4.8) is small. The band of RbpA3 protein on the immunoblot corresponded to a very faint band that was observed in an analysis of a mixture of Rbps that had been purified from the cells of Anabaena (lane 3). This band (arrowhead) was previously assigned to a protein designated RbplO4 by reference to its apparent mobility during SDS-PAGE (Sato 1995) . The level of this protein was low in cells that had been grown at 38°C, but it increased slightly after a shift in temperature to 22°C. This time course of accumulation of RbplO4 was consistent with the time course of accumulation of transcripts of the rbpA3 gene, as described above.
We analyzed the phylogenetic relationship between the RbpA3 protein and other cyanobacterial Rbps (Fig. 5) . We used only the RRM domains for this analysis since the Predicted secondary-structural features, inferred from the structure of U1A (Nagai et al. 1995) , are also shown.
The following amino acid sequences were used. From Anabaena variabilis M3: RbpAl, accession number D17710 (S2-R80); RbpA2 (identical to RbpA of Anabaena PCC7120 within the RRM domain), L20890 (S2-K80); RbpB (identical to RbpB of Anabaena PCC7120), D50459 or L20892 (S2-R80); RbpC, D49424 (S2-R80); RbpD, D49425 (T2-R8O). From Synechococcus PCC6301: 12RNP1 (updated sequence obtained from Dr. M. Sugita, personal communication), D17358 (S2-R80); 12RNP2, D17359 (T2-K8O). From Synechococcus PCC7942: RBP1, L25435 (T2-K80); RbpA, L48548 (S2-R80). From Synechococcus PCC7002: Rbp, (S2-R80) (Sato, Nishiyama and Murata, submitted for publication). From Chlorogloeopsis PCC6912: Rbp, L20891 (S2-R83). From Synechocystis PCC6803: Rbpl (slrO193), D64002 (R2-R80); Rbp2 (slrO517), D64006 (S2-R80). From Arabidopsis thaliana: GRP, L00648 (R9-R87); Cp29, D31711 (K92-P170, R242-R320); Cp31, D31712 (K136-R204, R220-R298); Cp33, D31714 (R117-P195, K220-R298) (Cp refers to chloroplast RNA-binding protein). From Brassica napus: GRP, Z14143 (R7-R85). From carrot: GRP, X58146 (R7-R85). From maize: GRP, X12564 (R9-R87); Cp31, M74566 (K126-R224, R240-R318). From Mesembryanthemum crystallinum: CpRbp, L1508O (Kl 12-R190, R206-R284). From Nicotianasylvestris: Cp29, X61114 (K89-P167, R209-R287); Cp33, Dl 1111 (Rl 1O-P188, K213-K291). From Sorghum vulgare: GRP, X57662 (R9-R87). From spinach: Cp28, X57955 (K49-R127, R143-R221). From wheat: GRP, U32310 (R7-R85). Human U1A (first RRM), M60784 (T11-D90). The numbers, 1 and 2, after the name of sequence refer to the first and second RRM domains, respectively. carboxy-terminal domains vary considerably in terms of sequence and length from one protein to another. The alignment of cyanobacterial RRMs (shown in Figure 5B ) suggests that all the known cyanobacterial RRMs are highly homologous, with the exception of the RRM of the Rbpl protein of Synechocystis 6803 (deduced from a recently reported hypothetical open reading frame, slr0193), and that about 50% of the residues are identical. The phylogenetic tree (Fig. 5A) suggests that the RRM domain of the RbpA3 protein is most closely related to that of the RbpC protein. The cyanobacterial RRMs, with the exception of that of the Rbpl of Synechocystis, form a single group with a high confidence level. This group is clearly separated from the RNA-binding domains of plant RNA-binding proteins which, in turn, form groups of glycine-rich nuclear proteins (GRP) as well as of domains 1 and 2 of RNAbinding proteins of chloroplast (CpRbp). Although only the results of analysis with Clustal W (Neighbor-Joining method) are presented here, the parsimony method with the Phylip package (Felsenstein 1993) gave essentially similar results (data not shown).
The results of phylogenetic analysis suggest that the cyanobacterial RRMs are distinct from eukaryotic RRMs (both plant and animal RRMs; results not shown). This conclusion is consistent with the following features of the cyanobacterial Rbps: they contain only a single RRM domain; they are considerably smaller than the eukaryotic RNA-binding proteins; they are devoid of additional amino-terminal sequences found in their eukaryotic counterparts; and the carboxy-terminal sequences of cyanobacterial Rbps are also appreciably shorter than those of most eukaryotic RNA-binding proteins. These characteristics of cyanobacterial Rbps suggest that, perhaps, these proteins might represent a primitive (or ancestral) form of RNAbinding proteins.
